. To assess the influence of wavelength on retinal light damage in rat with funduscopy and histology and to determine a detailed action spectrum. Methods. Adult Long Evans rats were anesthetized, and small patches of retina were exposed to narrow-band irradiations in the range of 320 to 600 nm using a Xenon arc and Maxwellian view conditions. After 3 days, the retina was examined with funduscopy and prepared for light microscopy.
I n 1966, Noell and coworkers 1 reported that the rat retina can be damaged by light even when levels are well below the threshold for thermal damage. They postulated that the damage mechanism involves noxious chemical reactions initiated by photon absorption in a chromophore in the retina.
In these first experiments on photochemical damage to the retina, damage was found in photoreceptors and the retinal pigment epithelium (RPE). The action spectrum of damage resembled the rhodopsin absorption curve, which suggested that rhodopsin is the damaging chromophore. Since then, many studies have been conducted on retinal light damage. Their outcomes revealed a large variety in both spectral sensitiv-ity and histologic site of damage. Studies on monkeys 2 ' 3 and, recently, also on rats 4S showed an increase in damage sensitivity for shorter wavelengths (with a maximum in the ultraviolet wavelengths). Damage was sometimes found to manifest itself in photoreceptors, whereas in other studies it was localized in RPE, Miiller cells, or mitochondria throughout the retinal layers. '' 0>11 However, the characteristics and classification of these types are not well established, mainly because the various studies differed substantially in experimental procedures, which makes it difficult to deduce the critical factors that determine damage type. Wavelength is most likely one of these factors because photochemical reactions depend on absorption spectra of their chromophores.
1 ' 2 In the present study, we aimed at carefully exploring the factor wavelength in setting the threshold for retinal light damage. A detailed action spectrum was determined FIGURE l. Irradiation optics. A set of neutral-density filters separated by black bands was placed at a plane conjugate to the retina (R'). Thus, four patches of retina were simultaneously irradiated at different levels. P' is a plane conjugate to the pupil. P = pupil plane; R = retinal plane.
with narrow-band irradiations. Because rat ocular media transmit a large portion of ultraviolet-A radiation, 13 the wavelength range was set at 320 to 600 nm, which encompasses all peak wavelengths of previous studies. As an experimental procedure, we chose to irradiate small patches of retina of anesthetized rats; advantages of this procedure are exact dosimetry and adjacent, unexposed, control retina. Funduscopy and light microscopy were used for damage assessment, because these techniques can be performed relatively easily while they simultaneously allow for good comparison with data in the literature.
METHODS

Animals
Male rats of the pigmented Long Evans strain were obtained (Harlan CPB, Zeist, The Netherlands) when they were 30 days of age. They were subsequently kept in a 12-hour light/12-hour dark cycle under 10 to 90 lux illumination. The animals used in experiments were 60 to 144 days old. Treatment of the animals conformed to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Optics
Optics were essentially the same as described by de Lint et al. 14 Briefly, a 450 W Xenon arc provided the radiation, which passed through a monochromator (MM 12, Carl Zeiss, Oberkochen, Germany) and a quartz lens to the rat eye, irradiating 18° X 13° of superior retina (Fig. 1) . Maxwellian view conditions were ensured because the quartz lens focused the monochromator's exit slit in the pupil plane of the rat eye. Two partly overlapping neutral-density filters were placed in the light path in a plane conjugate to the retina. They divided the path into four beams with intensities of approximately 100%, 54%, 33%, and 17%. This filter set thus provided four simultaneous irradiation levels in one exposure. Light reflected at the fundus was directed by a mirror and lenses to the observer's eye. In this way, the irradiated retinal field could be viewed.
The output of this configuration was calibrated every second experiment with a radiometer. The beam had a maximum fall in irradiance of 25% toward the edges. Retinal irradiance was calculated from measured irradiance according to the formula given by Calkins et al, ' 5 with refraction index = 1.337 and distance from pupil to retina = 5.25 mm. 16 The spectral transmission of rat ocular media was calculated from transmission data of rat cornea 17 and lens. 13 Radiation losses in the other ocular media were neglected. The calculated spectral transmission is shown in Table 1 . Table 1 also lists the bandwidth of the irradiations according to the specifications of the menochromator. The spectral characteristics of the irradiations were checked with a 512-diode array spectroradiometer.
In addition, exposures were carried out at 488 nm using an Argon ion laser (model 162A, SpectraPhysics, Mountain View, CA) as the light source. The optical configuration included a lens (f = 10) that diverged the laser light beam, but for the rest, the optical setup was similar to the one described above. It provided irradiations with a similar field width. Irradiation Rats were sedated with ether and anesthetized by intraperitoneal injection of pentobarbital (50 mg/kg body Calculated from data on spectral transmittance of rat cornea" and lens. 13 weight). An intravenous canula was applied to the tail, which ensured a constant intravenous infusion of pentobarbital (15 mg/kg body weight per hour) and saline (1 ml/hour) during the experiment. Pupils were dilated with a drop of cyclopentolate HC1 1% and phenylephrine HC1 5%. Atropine sulfate (0.3 ml of a solution of 0.5 mg/ml) was injected subcutaneously. The rat was wrapped in an electric blanket and placed on a holder. Body temperature was maintained at 37.5°C to 38.5°C using a rectal thermometer coupled to the electrical blanket. Eyelids were kept open with adhesive tape. The cornea was moistened by a continuous flow of saline (4 to 6 ml/hour). Initially, the rat was positioned in the beam ( Fig. 1 ) with the monochromator set at 570 nm and at a low intensity (retinal irradiance <1 mW/cm 2 ). Because the retina shows regional differences in susceptibility to light damage, 1819 care was taken to place the irradiations in the same location. The rat was positioned perpendicular, but slightly tilted, to the light beam to irradiate the superior retina. Extreme eccentricity was avoided. Using retinal vessels as landmarks, a drawing was made of the retinal position of the irradiation. Irradiation was then started with Xenon arc and monochromator set at the desired wavelength and bandwidth. To check for eye movements, the retinal position of the irradiated field was checked at least every 10 minutes and at the end of the irradiation. Irradiations with ultraviolet wavelengths caused autofluorescence of the retina, which enabled verification of the field position. In most experiments, no or only minor changes in position occurred during irradiation. If there were significant changes, the experiment was stopped. In total, 46 rats were used and received 62 irradiations (some animals received two subsequent irradiations). After irradiations at 320 and 340 nm, the cornea was checked for damage with fluorescein paper, but no damage was observed. After irradiation, the rat was allowed to recover in the dark for 2 hours and was returned to the cage.
Analysis
Three days after irradiation, the rat was sedated with ether and was anesthetized with an intraperitoneal injection of pentobarbital. Pupils were dilated as described above. The retina was inspected funduscopically by following the drawing of the retinal position of the irradiation.
For histology, the rat was then transcardially perfused with a brief rinse of phosphate-buffered saline, followed by a fixative of 2% glutaraldehyde, 2% paraformaldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, containing 2 mM CaCl 2 . The eye was resected and was kept, after removal of cornea and lens, in the fixative at 4°C. The next day, the eyecup was inspected with a stereomicroscope. The irradiated areas were localized; tissue segments containing them and adjacent, unexposed, control retina were excised. The tissue segments were rinsed in buffer and fixed in 1% OsO 4 , 1.5% K,Fe(CN)6 in buffer for 1 hour. The tissue segments were then stained with 0.5% aqueous uranyl acetate for 1 hour, dehydrated in ethanol, and embedded in Epon. Semithin (l-/xm) sections were cut. Sections were collected every 40 /xm over at least 200 //m into the irradiated area to avoid misinterpretation due to inhomogeneity of the irradiation or to oblique sectioning. Damage spots measured approximately 0.5 X 0.4 mm. Sections were stained widi toluidine blue and were examined by light microscopy.
To formalize the description of damage histology, several morphologic parameters were quantified. This was done for irradiations at 320, 330, 420, and 470 nm. Using a light microscope equipped with videooverlay, measurements were made direcdy on die monitor screen. A representative sample of diree sections was evaluated for each experiment. Irradiations FIGURE 2. Fundus photograph taken 3 days after irradiation at 440 nm. Four retinal patches received 380J/cm 2 (1), 190 J/cm 2 (2), 120 J/cm 2 (3), and 64 J/cm 2 (4). Three of them showed a distinct change in fundus appearance and were classified as suprathreshold damage (1 to 3), whereas the dose of 64 J/cm 2 caused a just-visible decoloration classified as threshold damage (4) .
that did not produce a homogeneously damaged area-for example, as result of overlying blood vessels-were not measured. The effect of irradiation on the thickness of retinal layers was estimated by comparing layer thickness in irradiated and in adjacent control retina. Photoreceptor cell loss was determined by comparing counts of outer nuclear layer (ONL) nuclei in irradiated retina with counts in an equal area of control retina in the same section. In the irradiated retina, estimates were made of the percentage of pyknotic photoreceptors and of the percentage of cells in the RPE that had no apical distribution of melanin. In addition, a possible inflammatory reaction in the choroid was assessed by counting the choroidal cells located at Bruch's membrane in irradiated and in control retina.
RESULTS
Funduscopy
Three days after irradiation, funduscopy showed a change in fundus color of irradiated patches (Fig. 2) . As described in the Methods section, four retinal patches were simultaneously irradiated with different intensities spanning a range of approximately factor 6. Distinctly visible, homogeneous white-yellow patches were classified as having suprathreshold damage. Threshold damage was defined as a change just visible in fundo. Irradiated patches without fundus change were classified as subthreshold damage. The decoloration closely corresponded Lo size and position of the irradiation. Threshold spots, however, were oc ally smaller than the irradiated area, probably of inhomogeneity of the beam. Figure 3 shows the action spectrum of th doses for funduscopic damage. Doses are co for spectral transmittance of the ocular media nm, the highest threshold dose was found (1 cm 2 ). At 600 nm, the maximal available dose J/cm 2 did not result in damage. For shorte lengths, the threshold dose decreased monoto to 4.9 J/cm 2 at 400 nm. In the ultraviolet ran dose further decreased to 0.35 J/cm 2 at 320 nm the difference between the highest, and the threshold doses encompassed nearly four or magnitude.
Specifications of exposure conditions for old damage are given in Table 1 . At 380 nm, was produced in exposures of 8 to 23 minut the other wavelengths, using maximal output small bandwidths chosen, longer exposures w essary to sustain damage. For 500 nm, we had pose for nearly 5 hours whereas, as stated abo hour exposure at 600 nm failed to cause d Longer exposure was not feasible with the ane used.
light Microscopy
Damage spots detected with funduscopy remain ble as whitish spots in the resected eyecup. W aid of a stereomicroscope, excision of the irr spots was thus reliably performed, allowing for tion of histology and funduscopy. The position threshold spots was indicated by retinal vasc and adjacent damage spots.
Analyzing the retinas exposed to the variou lengths, we noticed that wavelengths in the r 320 to 440 nm caused a different damage morp than those in the 470 to 550 nm range (Fig. 4 ) types will be successively described in detail.
Damage at 320 to 440 nm. Damage morphol duced by exposures of wavelengths in the ra 320 to 440 nm will be exemplified by the ef irradiation at 380 nm because the experiments wavelength were most numerous.
Retina exposed to doses of approximately cm 2 showed no changes compared with adjace trol retina. At doses of approximately 1 J/cm proaching the funduscopic threshold dose (T the first signs of damage were found (Fig. 5A pyknotic photoreceptors were present in the O the inner segment (IS) and outer segment (O ers, some segments were densely stained. Th retinal layers showed no deviations from cont With further increases in dose, progressivel photoreceptors were affected, until at approx 2J/cm 2 (1.5 times the funduscopic threshold) virtually all photoreceptors showed pyknosis (Figs. 4, 5C ). The thickness of the IS and OS layers was reduced. Rods had retracted from the villi of the RPE. They were densely stained and appeared larger in diameter than did rods in the adjacent control retina (Fig. 5C ). Debris and phagocytic cells were observed in the photoreceptor layers, mostly between the rods. In comparison to adjacent control retina, RPE cells occasionally were slightly swollen and contained more phagosomes. These cells appeared otherwise normal, with normal melanin content and distribution.
At still higher doses (2.5 J/cm 2 ), additional features could be observed, such as a loss of photoreceptors in the outer part of the ONL, mitoses of phagocytic cells (Fig. 5E) , and the presence of dark spots in the outer plexiform layer and the inner nuclear layer (INL). Retinal pigment epithelial cells were swollen. In a few RPE cells, melanin granules had lost their apical distribution and were found throughout the cell body.
In one experiment, a dose of 10J/cm 2 (approximately seven times the threshold dose) was given. This resulted in the loss of most photoreceptors. The ONL and the IS and OS layers predominantly contained debris and phagocytic cells. In the INL, mitoses were frequently observed, presumably of Muller cells (Fig.  6) . At this dose, the apical distribution of melanin was lost in most RPE cells.
Several morphologic parameters were quantified. In Fig. 7 , the most distinct parameters are plotted as a function of dose, scaled in units of funduscopic threshold. Just above the funduscopic threshold dose, the percentage of pyknotic photoreceptors increased 400 450 500
wavelength (nm) 550 600 dramatically (Fig. 7A) , indicating a remarkably steep threshold for photoreceptor damage. In spite of this general pyknosis, cell loss (Fig. 7B ) remained modest (note that all observations are at three days after irradiation). In addition, changes occurred in the thickness of the retinal layers (Figs. 7C to 7F ). An increase was found in the RPE and INL. A decrease occurred in the IS and OS layers and, to a lesser extent, also in the ONL. No other retinal layers deviated from control. The other wavelengths in the 320-to 440-nm range caused damage morphology similar to 380 nm. However, a slight deviation was found in 3 of 6 exposures at 420 nm. At doses of two to three times threshold dose, the RPE was damaged more severely than at corresponding doses of 380 nm. All irradiated RPE cells had lost their apical distribution of melanin and contained numerous dark inclusions. Figure 8 shows an extreme example of this damage, in which a concentration of cells in the choroid at Bruch's membrane is observed.
Damage at 470 to 550 nm. Exposure to wavelengths in the range of 470 to 550 nm resulted in a different damage morphology (Fig. 4 ), as will be described here for 470 nm. Damage became apparent at doses of approximately 500 J/cm 2 , which closely corresponds to the funduscopic threshold dose. Retinal pigment epithelial cells in the irradiated area were swollen and had large pale nuclei, with distinct nucleoli. Cigarshaped melanin granules were found throughout the cell body and not in the villi. Most of these cells were loaded with dark inclusions. The other retinal layers showed no deviation from control, except for a few pyknotic photoreceptors in the ONL and a few densely stained rods (Fig. 5B) . At a higher dose (1000 J/cm 2 , twice the threshold) , the changes in the pigment epithelium remained the most prominent feature (Figs. 4, 5D ). In the choroid, often an accumulation of cells at Bruch's membrane was noticed. A few photoreceptors were affected, showing pyknosis in the ONL and dark staining of inner and outer segments. Debris and phagocytic cells were observed between the rods. These phagocytic cells typically contained melanin granules and were often found close to the RPE, suggesting that they were detached RPE cells. The orientation of photoreceptors was changed: In the center of the damaged area, photoreceptors were straight and stood upright, but toward the edges, rods and ONL cell columns were bent, giving the impression that they had been pushed to the side. The thickness of the OS layers was increased.
At still higher doses (1500 J/cm 2 , three ti threshold), photoreceptor pyknosis increased, bris and phagocytes became more prominen I /.
Exposure to 380 nm at seven times the threshold ed abundant mitotic figures in inner nuclear layer. uter nuclear layer, most photoreceptors are lost with the border of the irradiation on the left). ation, X345.
ceptor layers (Fig. 5F, G) . Cell loss was evident NL. Most of the photoreceptors, however, had l appearance. In the RPE, occasionally a cell ing or a double layer was observed. Mitosis of s, phagocytes, and, presumably, Miiller cells in was regularly observed. In the outer plexiform d the INL, dark spots were discerned. ntification of damage parameters highlights rences between the two damage types (Fig.  istinct from 380 -nm damage, RPE swelling ) and changes in melanin distribution (Fig. e evident at threshold. Furthermore, photoreyknosis was low near the funduscopic threshand remained at a low level with increasing ig. 7A). Measurement of ONL cell loss was ated by the aforementioned indication that ll columns might have been pushed to the yond the borders of the irradiation. We deexpand the area over which ONL cells were to encompass displaced ONL cells. By this re, the real cell loss was diluted because unircells were included in the counting. Yet, this tive estimate reveals a distinct ONL cell loss ), surprising in view of the relatively low level sis. In addition, irradiation tended to increase s of the IS and OS layers, most notably at e doses (Fig. 7D ). An increase in INL thicka slight decrease in ONL thickness was found , 7F). The other retina layers showed no devim control. The number of cells in the choroid 's membrane was determined as a measure idal reaction to the irradiation (Fig. 7G) . Irraat 470 nm caused a concentration of cells at membrane: On average, 10 cells/section were at Bruch's membrane in retina exposed to 470 nm, whereas in retina exposed to 380 nm and in control retina, only occasionally a cell was found in this position.
At 470 to 550 nm, longer exposures were used than at 320 to 440 nm (Table 1) . We performed control experiments to check whether exposure duration instead of wavelength caused the difference in damage morphology. The first control experiments were 30-to 60-minute exposures at 488 nm from an Argon ion laser. The laser provided retinal irradiances of 500 mW/cm 2 , five times higher than with the Xenon arc. Thus, similar exposure durations could be used as in the experiments at short wavelengths. These short exposures at 488 nm caused a similar morphology as the long exposures at 470 tp 550 nm (Fig. 9) . As an additional control, prolonged exposures of 2 to 3 hours at 380 nm were conducted. Damage morphology was similar to that in experiments with short exposures at 380 nm.
These control experiments also served to check whether exposure duration influenced threshold dose. In the exposures of 2 to 3 hours at 380 nm, the threshold dose for funduscopic damage was 1.0 ± 0.3 J/cm a (n = 3), which does not deviate from the threshold dose of 1.3 ± 0.5 J/cm 2 , found in exposures of approximately 15 minutes. The short laser exposures at 488 nm caused threshold damage at 1100 ± 200 J/ cm 2 (n = 3), which compares well to the threshold dose of 1145 J/cm 2 at 500 nm with a bandwidth of 24 nm, determined in exposures of more than 3 hours. Thus, reciprocity of exposure duration and irradiance appears to hold in this range.
Relation Between Funduscopy and Light Microscopy. Figure 7 shows that a lesion visible with the technique of funduscopy always correlated with distinct histologic changes in either photoreceptors (at 380 nm) or RPE (at 470 nm). Below the funduscopic threshold, pyknotic photoreceptors were occasionally observed. No deviations from control retina were evident at less than half the threshold dose.
DISCUSSION
Examining the action spectrum of retinal light damage in the rat, we report two major findings. First, there are two different damage types. Second, damage sensitivity increases dramatically for shorter wavelengths.
Threshold exposures at wavelengths in the range of 320 to 440 nm produced a different retinal damage than exposures at 470 to 550 nm. This has not been reported before in rat. Therefore, we carefully checked which experimental variable was responsible for this difference. Aside from wavelength, the two groups of exposures also differed in retinal irradiance . the range of irradiances and durations we addition, we performed control experiments ferent exposure durations at a single wavewhich showed that duration had no influence age threshold dose, nor on morphology. We e that wavelength (and neither irradiance nor ) is the factor responsible for the encounorphologic differences. ppears then that there are two damage types, h its own morphology and spectral sensitivity. t way to extract the damage types in their pure to examine damage histology at doses close to d. Following this rule, we found that, at 3 days posure, the main feature of the type at the short wavelengths is damage to the photoreceptors. At 470 to 550 nm, the most prominent feature is damage to the RPE, but some photoreceptor damage is also present. Thermal damage seem s highly unlikely. 22 The highest retinal irradianc e at threshold was 100 mW/ cm 2 at 550 nm ( In studies on photochemical damage, two different action spectra have been published. One action spectrum, first reported by Noel et al 1 and later confirmed by Williams and Howell, 23 peaks at approximately 500 nm and resembles the rhodopsin absorption spectrum. The other action spectrum shows an increase in retinal sensitivity for shorter wavelengths. This action spectrum arose from studies on monkeys 2 ' 3 but has recently been described for the rat as well. prevalence of either type of action spectrum. Kremers and van Norren" suggested that presence or absence of rhodopsin is crucial. When retinal irradiance is low and rhodopsin is present, the rhodopsin action spectrum occurs. When retinal irradiance is high and rhodopsin is bleached, the short wavelength action spectrum emerges. In the present study, relatively high retinal irradiances were used ( 27 we calculate that our retinal irradiances bleached rhodopsin completely within 1 minute. Only at 340 nm, 4% to 10% remained unbleached after 1 minute, and at 320 nm, it took 5 minutes to reduce rhodopsin to 5%to 12% of the darkadapted value.
Comparison of our histologic data with other studies is complicated by the great variation in experimental procedures. Some general remarks appear appropriate in this respect. First, having established that there are two spectral types of damage, exposures to broad-band irradiations become difficult to interpret, particularly when no details on the spectral output are given. Second, the postexposure time point of analysis is relevant for damage histology because repair in some layers might occur or secondary damage might spread to different layers. 29 Third, it is extremely important to analyze damage at the lowest possible (threshold) dose because, at higher doses, both damage types may be present and secondary effects may be greater. 5 At high doses, we found damage to photoreceptors, RPE, and INL as well at all wavelengths. Several aspects of our experimental setup ensured a sensitive analysis of damage at low doses. For example, a postexposure interval of 3 days was used because a previous study in rat 14 showed that fundus changes were then maximally visible. By using the unique feature of four simultaneous irradiance levels in each experiment, retina irradiated with four different doses, including doses below funduscopic threshold, and an unexposed control retina could be compared. Fourth, as stated above, there is a dichotomy in the literature on light damage with regard to spectral sensitivity. This dichotomy, probably related to exposure conditions and particularly to irradiance levels, may also occur in damage morphology. We, therefore, first compared our histologic data to studies that used exposure conditions similar to ours.
High retinal irradiances were used in a recent study by Rapp and Smith. 5 They exposed albino rats to broad-band irradiations (70 nm bandwidth) centered around either 355 or 500 nm. Their conclusion was that both irradiations caused identical damage morphology. We can think of two possible explanations for the discrepancy with the present findings. First, the action spectrum of our damage type at short wavelength is remarkably steep, especially in the range of 400 to 470 nm. Consequently, a small fraction of wavelengths of approximately 440 nm present in the green light exposure may well determine the damage morphology at threshold instead of the wavelengths of approximately 500 nm. The observation of Rapp and Smith 5 that threshold doses damaged only the photoreceptors corroborates this explanation. Second, strain differences in susceptibility for light damage have been demonstrated. 30 ' 31 In addition, the intracellular distribution of melanin appears to be a sensitive indicator for the RPE damage by 470 to 550 nm (Fig.  7) . This feature was conspicuous in the pigmented Long Evans rat we used but does not appear in the albinotic retina. Peculiar in this context is Rapp and Tolman's earlier study 82 on Long Evans rats, in which they report different damage morphologies in long wave ultraviolet radiation and in green light (1 day after exposure). Later, these findings were retracted because the threshold factor had not been carefully controlled for. 5 Strong support for the existence of two spectral types of light damage can be found in studies with narrow-band irradiations in the monkey and the squirrel. In the monkey, Ham et al 9 report that after 2 days, 441 nm radiation caused RPE edema and agglutination of melanin granules with only minor damage to photoreceptors. Lawwill 6 evaluated exposures to various laser lines from 457.9 to 590 nm. He reported that in light microscopy, the most striking changes were localized in the RPE, although ultrastructural analysis revealed damage to mitochondria in all retinal layers. On the other hand, irradiation at 325 nm 33 and 350 nm 3 primarily damaged photoreceptors. Repeated exposures to long wave ultraviolet radiation, however, primarily affected the RPE. 34 In the squirrel, Collier and Zigman also found two damage types, comparing damage histology of exposures to 366 nm and 440 nm (at 1 day after exposure). At threshold, ultraviolet radiation damaged only photoreceptors, 35 whereas light of 440 nm damaged photoreceptors and RPE. 36 Longer wavelengths were not tested. Possibly, light of 440 nm produced in the squirrel a combination of both damage types.
Concerning the morphology of light damage, we conclude that the similarities across species are more striking than the differences. A similar conclusion was reached earlier for the action spectrum. 4 Similarity in experimental conditions is crucial for a valid comparison across species.
The question remains unresolved whether the present data are also valid for other exposure condi-
